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.fusibn occurs al one cell membrane. Further, reccm studies on 
^yiiu^^c-mcdiaied insulin release^* and ihc effects of CO2 on 
^ v{J^cssin-induccd waier permeation" suggest lhat cell acidifi- 
* cafiofcmay be a more widespread slimuJus for cxocyiosis than 
^ previously thought. 
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The yeast Saccharomyces cerevhiae can syotbesize, process and 
secrete higher eukaryotic proteios*^. We have investigated the 
expression of immunoglobulin chains in yeast and demonstrate 
here (1) the synthesis, processing and secretion of light and heavy 
chains, (2) the glycosylation of heavy chain, (3) the intracellular 
localization of these foreign proteins by immunofluorescence, and 
(4) the detection of functional antibodies in cells co-expressing 
both chains. This may provide the basisof a microbial fermentation 
process for the production of monoclonal antibodies. The co- 
expression of light and heavy chains in Escherichia colt has been 
reported but functional antibodies were not assembled in vivo ' , 
Furthermore, only low-level assembly of these chains was found 
in vitro. 

The immunoglobulin A and /i complementary DNAs usetl 
here were isolated from the mouse hybridomas S43 and Bl-8, 
rcspeciivcly**-'. Both hybridomas were raised against the hapten 
4-hydroxy-3-nitrophenyl acetyl (NP). The A and m cDNAs were 
placed under ihe control of the yeast 3-phosphoglyceraie kinase 
(PGK) promoter, on pMA9l bearing the LEU2 selectable 
marker'** (Fig. I), to form pYA for the expression of pre-A, and 
pY/x for the expression of pre-/i. For co-expression of A and /x 
on ditlerent plasmids in the same cell, another selectable marker 
was needed. pLG89 contains two selectable markers, URA3 and 
hph (rcf. II), therefore the A coding sequence and PGK pro- 
moter from pYA were excised and inseaed into pLG89, to 
produce pLGA. 

• Pirscui ^die*.- l>f(*-rtii.«ol The MeJt*:*J School. Umvci>it> oi Ne»c^le- 

ut>oii-1>u«. NcwiL'^tlc upaii-T)nt Ntl 7KU. UK. 
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Fig. 1 Plasmids for the expression of immunoglobulin A and /i 
chains in yeast. The figure shows the /x and A inscns of pMA9l 
which were used to form pY/i and pYA respectively. Solid bar, 
PGK sequences: the LEU2 and Ap' marker ijeiics are cross- 
hatched. Sequences derived from syniheiic oiigodeoxyribonuclco- 
lidcs are indicated by hofizontai bars. An arrow indicates the 
direction of PGJC transcription. 

Methods. All DNA manipulations were carried out as described 
elsewhere". For construction of pYA. the /ymdill fragment of 
pATA 1-15 (ref. 6) bearing the A cDNA was ibolaicd. and cut with 
fbA:l;307-base pair (bp) FoJtl and 51 2.bp Fol; I- //ind III fragments 
were isolated (fragments c and J. respectively). Both 
oligodeoxyribonucleotidcs": R 1 62 ( 5'G A TC AATGGCCTG- 
GATT3') and RI63 (5'GTGAAA TCCAGGCC A'1T3') and pCT54 
(ref. 24) cut with Bell and Hindlll, to furm pC rYA. RI62/RI63 
recreate the 5' coding sequence, and place a Hdi site immediately 
upstream of the initiation ATG.pCTYA was diijesied with Hi/idlll, 
blunted with S, nuclease and filled-in with T4 UNA polymerase 
(P-L Biochemicals); the product was ligaied with flg/ll linkers 
. (5'AGAGATCTCT3'). then digested with Udi and BgllL The 
fragment bearing the AcDNA was isolated and ligaied with 8^111- 
cut pMA9l. to form pYA. The 5* A coding sequence of pYA was 
isolated and shown to be correct by nucleotide sequencing. The A 
coding sequence and PGK promoter were excised from pYA on a 
Hi/idlll fragment, and ligaied with Wi/idlll-cui pLG89 to form 
pLGA. For construction of pY/t. the /x cDNA was excised from 
pCT54>i" on a Wi/idlU fragment, blunted (as for pCTYA) and 
ligatcd with linker R107 (STTTTGATCAAAA 3') which contains 
an internal Bcli site. The ligation product was digested with i?c/l 
and Accl, and the fragment containing the 3' end of /x coding 
sequence isolated (6). Only the Bcti site created by RI07 will cut. 
for internal sites were dum-methylaied. pCT54M was cut with 
Mb^>U,ligated with RI21 (5'GATCAATGGGATGGAGCTGT3') 
and RII2 (S'CAGCTCCATCCCATT 3') and digested with Accl. 
The 276-bp Bcii-Accl fragment (fragment a) generated was iso- 
lated from a 5% polyacrylamidc gel. pMAVI cut with BglU was 
ligatcd wiih both a and b, to form pY/x. The proximal end of the 
^ gene was isolated and shown to be correct by nucleotide sequenc- 
ing^*-". Yeast transformations were carried out as described else- 
where". pYA and pY/i were individually transformed into MD46 
{a/a:pep4J/ptp4.3leu2/leu2Qrg5.6/'t +/irpl -i- 1 radSl adel / 
hisSf-t ; Mclanie Dobson, personal communication); pY^ and 
pLGA were individually iranslormed or co-iransformed into 
X4003-5B {a leu2 adtl his4 mei2 uraS trpS gull \ Yeast Genetic 
Stock Center. Berkeley. California). Cells coiualning pYA or pY^ 
were selected for by growih in the absence of L-leucinc. and pLGA 
cells selected for by growth in the absence of uracil. 

Cell extracts were subjected to Western blot analysis, using 
antisera to A or /x proteins. M046 cells coniuining pYA were 
found to Contain an immunorcactivc protein (Tig. 2a, lane 3) 
lhat co-mii;rales with authentic Bl-K A (Fig. 2a, lane I) and 
with the mature A protein synthesized by loU cells coniaiitmg 
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Fig. 2 Analyses of A and fi proicins in yeast cell extracts. Cells 
were grown in YMM (2% (w/v) glucose, 0.67% (w/v) Difco yeasi 
nitrogen base without amino acids) to i4(^=l.O, at 30 ''C with 
shaking, then collected by ccnthfugation. Cell pellets were dis- 
rupted by vonexing with glass beads (40 mesh, BDH) in 50 mM 
Tris-HCi pH 7.6, I mM EDTA, and diluted In sample butfcr to 
1.5% (w/v) SDS, 2.5% (v/v) ^-mercaptocihanol, 5% (v/v) gly*. 
ceroK Samples were subjected to SOS-polyacrylamidc gel elec- 
trophoresis**' and transferred to 0.45-fj.m nitrocellulose and 
Western-bloticd^**'"*' with cither rabbit anti-mouse A antibody 
(Miles) or rabbit anti-mouse IgM (Bionetics). and challenged with 
alliniiy-purilicd iodinaied protein A (2;iCimr*; Amcrsham). 
Migration of yeast A and >i was compared with that of Bl-H protein 
and of mature A and /i synthesized in £. co/i*. a. Lanes 1-4, 
samples blotted with anti-A antibody: lane I, B 1-8; lane 2, bacteriai 
A; lane 3, pYA/MD46 cell exiraa; lane 4. MD46 cell cxtraa. 
Lanes 5-7. samples blotted with anti-lgM: lane 5, bacterial /x ; lane 
6. pY>i/MD46 cell extract; lane 7, MD46 cell extract. Arrowheads 
indicate the positions of markers (Pharmacia): phosphorylasc b, 
94 K; bovine serum albumin, 67 K; ovalbumin, 43 K; carbonic 
anhydrase. 30 K.; soybean trypsin inhibitor, 20.1 iC. For secretion 
studies, cells were also grown in YPHD (1% (w/v) Difco Bacto 
yeast extraa, 2% (w/v) Difco Bacto peptone, 2% (w/v) glucose) 
and all cultures were bullered with potassium phosphate pH 7.0. 
In these conditions, we were able to detect the ADH activity in 
extracts from <0.005 units of cells, which would represent 
lysis of <0.5% of a culture at AtMt= LO. At such concentrations, 
ADH activity remained stable for up to 3 h at 30 "C. Medium 
supernatants were assayed for ADH by mixing in a cuvette I ml 
of supernatant with 0.3 ml of 500 mM potassium phosphate pH 
7.0. lOO^il 30 mM NAD (reduced form; Sigma). 0.3 ml 30 mM 
aceialdehyde (BDH) and 1.3 ml double-distilled water. The 
decrease in Ay^ was measured with a Gilford spectrophotometer 
at 30*^0. 6, Demonstration of /x gtycosylation in yeast. Duplicate 
50-ml YMM cultures of MD46 containing pY/* were grown in 
250-ml batllcd llasks, with shaking at 30 to Au>o = 1-0 then split 
into duplicate 20-ml cultures. To one culture, designated * + •. wc 
added tunicamycin'^*'^ to a concentration of 15p.gml~', in 30 jtl 
of dimethyl sulphoxidc (DMSO), and to the other culture, desig- 
nated we added 30^x1 of DMSO alone. Cultures were left 
shaking at 30**C, and samples taken at various limes from both 
cultures. Cell extracts were prepared and Western-blotted with 
rabbit anti-mouse IgM and iodinatcd protein A. Alternating + 
and - tunicamycin samples are shown and the times of sampling 
given above the lanes in min. The 0-min sample was taken immedi- 
ately before DMSO addition. Cells harbouring pYA were treated 
similarly, and no dillerence was found between cultures with or 
wiihoul tuniLamyciii. when We:ktern-blottcd with anti-A antiserum 
(data not shuwn). Miis rciult was eApecicd as A is a noti-glycosy- 
laicd protein in mammalian cells. 
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Fig. 3 Intracellular localization of A and fi protein. The figure 
shows MD46 cells either untransformcd (r, </), or transformed 
with pY>4 (a) or pYMA [b); a and c were incubaicJ with lluore- 
scein-conjugaied anti-/x ; 6 and d with rhodamine-conjugaied 
anii-A. x700. 

Methods. Cells were grown in minimal media and converted to 
spheroplasts with zymolyase 20,000 (50 ixg per unit in 0.5 ml; 
Miles), in 1.2 M sorbitol. 50 mM potassium phosphate pH 7.0, 
15 mM ^-mercapioeihanol, 10 mM EDTA, at iU^'C" lor 30 min. 
Spheroplasts were washed in 1 .2 M sorbitol, and deposited on glass 
microscope slides using a cytocentrifuge. then fixed in 5% (v/v) 
acetic acid/957o (v/v) ethanol. at -20 "C overnight. Slides were 
rehydrated and washed thoroughly in phosphaic-buifcred saline 
(PBS), before being stained with 0. tmgml ' of lluorescein 
isothiocyanaie-labclied alVinity-purilicd goal anii-niouie IgM or 
tetramethylrhodamine isothiocyanate-labellcd atliiiily-purilied 
goat anti-mouse A (both from Southern Biotechnology Associates, 
Alabama). Slides were washed in PBS, and mounted in glycerol 
containing l,4-diazabicylo(2.2.2)ocianc, before examination by 
ultraviolet microscopy. 

a gene for mature A (ref. 6) (Fig. 2a, lane 2). MD46 cells 
containing pY^ were found to contain three immunoreaciivc 
species (Fig. 2a, lane 6). The predominant yeast ^-inimunoreac- 
tive band had a relative molecular mass ( ) of --63.500 (63.5 K) 
consistent with it being mature, non-glycosylaied /x, and co- 
migrated with the mature ^ synthesized by E. coli cells contain- 
ing a gene for mature /i (ref. 6) (Fig. 2a, lane 5). In addition, 
two dilfuse bands of greater relative molecular mass were found 
in MD46 cells containing pY/t (Fig. 2a, lane 6). The mature, 
glycosylated /x of B 1-8 has a M, —70 K (not shown). 

We conclude that the A immunoreaciive species is mature A, 
and the —63.5 K. /x species is mature, non-glyco.sylated /x. On 
the basis of relative molecular mass, the signal sequences of 
both proteins have probably been cleaved. The higher-AY, /x 
bands were shown by two criteria to be glycosylated /x. First, 
the higher /x was lost from cells treated with tunicamycin, 
an inhibitor of N-linked glycosylation*^ In cultures without 
tunicamycin, the amount of higher-M^ /i increased during the 
lime course examined, up to 235-min sample, after which the 
culture reached stationary phase, and the level of /x decreased 
(Fig. 2b), In cultures containing tunicamycin, the 63.5 K /x 
species accumulated with this species alone being found after 
80 min of tunicamycin treatment. In addition, the higher- 
form of /X was reduced in size to that of mature, non-glycosylatcd 
/X from £. coli, when treated with iriMuoromethane sulphonic 
acid, which removes N-linked glycosyl grooi*-* with high 
cHiciency'^ (data not shown). We coitcluiic ttuii a ^ignilicanl 
proportion of yeast /x is A/-glycosylaied. Him ever, the yea^i 
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and mammalian fi will probably diller in carbohydrate composi- 
lion, especially if ihe ycasl /x has ouler-chain oligosac- 
charides"**'. 

Medium *»upcrnalants from cuhurcs of MD46 cells trans- 
formed wiih either pYA or pY^ were found to conuin 
immunorcactivc A or /i protein, respectively. This was shown 
to be genuinely secreted material, rather than arising from cell 
lysis, by demonstrating the absence of a cytoplasmic enzyme, 
alcohol dehydrogenase (ADH). from the supernatants (see Fig. 
2 legend). In yeast minimal medium (YMM), up lo 10% of A 
and 5% of fi in MD46 cultures at - LO was found in the 
medium supernatant, as detected by enzyme-linked immunosor- 
bent assay (ELISA)". In YPED. medium (Fig. 2 legend) up to 
40% of A and 1 5% of /x was found in this fraction. Transformed 
X4003-5B cells generally yielded higher levels of secreted 
material. The immunorcactive A material from the medium 
supernatants of cultures containing pYA was shown, by Western 
blotting, to co-migrate with intracellular A (data not shown). 
The secreted /i has not yet been er 'nined. , 
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Fig. 4 Analysis of functional antibodies in yeast. Transformed 
X4003-5b cells were grown in JOO-ml volumes of YMM, supple- 
mented with SOmgl'* of L-irypiophan, L-hisiidinc and L- 
mcihioninc, and SOrngT' of adenine sulphate in 500-ml flasks. 
Strains not coniainintj pLGA were supplemented with 30 mg 1"' 
uracil, and those noi containing pY^i with SOmgl"' L-lcucine. 
Cells were collected by cenirifugalion, then washed and rcsus- 
pcnded in 25 mM Tris-HCI pH 8,0. I mM EDTA. 5% (v/v) gly- 
cerol. 0.1% (v/v) Nonidei-P40. 1 mM phcnylmcihylsul- 
phonylfluoride (citraction butler), before being lyscd by glass bead 
disruption. 'Insoluble' material was pelleted in a microfugc for 
12 min at 4 and the 'soluble' supernatant fraction removed. The 
soluble fraction was analysed in a iwo-stic sandwich ELISA (NIP 
assay) which detects ;i -chain binding to hapienylatcd bovine scrum 
albumin (NlP-caproaie-bSA)**; this assay is sensitive to 60 pg of 
BI-8 IgM. a. Specific hapten binding was examined in the NIP 
assay of the soluble fraction of pLGA +pY^ -transformed cells 
O). pY/i-iransformcd cells (▲) and BI-8 □), in the absence 
(solid symbols) and presence (open symbols) of 30>i.M free NIP- 
caproaic. b, llic hcicroclitic nature of yeast antibody activity (•) 
in soluble fraciiun:^ from pLGA r p Y^-iransformcd cells and Bl-8 
(■j was examined by comparing binding in the presence of free 
NIP-taproatc ( ) and NP-Caproatc ( ). 



The intracellular locations of A and ^ prutcins in yeast were 
examined by staining fixed ycasi sphcroplast.s with lluorcsccin 
or rhodamine-conjugated antiscra. We stained both MD46 and 
X4003-5B strains, harbouring pY/i, pYA, pLGA or pYMA. 
pYMA is a pMA9l derivative encoding the mature A protein, 
that is, Mel-mature A, not including the signal sequence. Cells 
containing pY/i (Fig. 3a), pYMA (Fig. 3^J, pYA or pLCA 
showed a discrete immunofluorescence localized in bodies thai 
appeared on the basis of their morphology to be vacuoles"*'*'. 
Cells containing pYMA showed a much greater accumulation 
of stain than those containing pYA ; this may be explained by 
the obsei^aiion that ihc intracellular concentration of mature A 
from pYMA is up lo fourfold greater than that of prc-A from 
pYA, in MD46, by ELISA. Funhcr experiments are required to 
identify unequivocally the sites of accumulation of immunorcac- 
tive A and /x proteins. If these foreign proteins are being localized 
in the vacuole, they could be transported there by the secretory 
pathway'**-'^, however, the detection of mature A from pYMA 
in the same structures calls this into question — the cell may be 
directing these proteins to the vacuole for degradation^**. 

Soluble extracts of X4003-5B cells transformed with one or 
both of pY/x and pLGA were prepared and analysed by an 
ELISA that detects binding of Bl-8 to solid-phase hapten, in 
the presence and absence of competing free hapten** (Fig. 4a); 
no specific binding was detected for extracts of ceils transformed 
with either pLGA or pY/i- However, extracts of cells transformed 
with both plasmids, and expressing both light and heavy chains, 
showed a strong, specific signal similar to that of the hybridoma 
Bl-8 protein. All detectable solid-phase hapten binding was 
lost in the presence of 30 p.M free hapten. Bl-8 is a heteroclitic 
antibody, and shows greater afhnily for the related hapten 
4-hydroxy-5-iodo-3-nilrophenyl acetyl (NIP), than for the hap- 
ten NP^*. The yeast antibody activity also showed that higher 
free NP than free NIP concentrations were required to inhibit 
binding of antibody to solid-phase NIP (Fig. 4b), In addition, 
the activities of the yeast antibody and Bl-8 showed similar 
specificity ratios (ratio of concentration of NP to NIP al 50% 
inhibition) of 37 and 47, respectively. The amount of ^ protein 
in the soluble extract of cells containing pLGA and pY/x was 
determined by ELISA, and using Bl-8 as a standard, the specific 
activity of the yeast antibody was found to be -0.5%. ELISA 
showed that at AtM)=\,0, there was -500 ng of Bl-8 A 
equivalent, and 15 ngof Bl-8 equivalent per ml. No significant 
amounts of NIP binding activity have been found in concen- 
trated culture media (data not shown). 

On the basis of the specific activity of the soluble-fraction 
yeast antibodies, the efficiency of assembly of functional anti- 
bodies is low, although the antibodies show both specific hapten 
binding and heterocliticity. It will be interesting to characterize 
further the yeast antibodies in the soluble fraction and to deter- 
mine whether or not most of the immunoglobulin protein from 
the insoluble fraction (-75% of total) is also assembled into 
functional antibodies. 
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our many colleagues in Celliech and Oxford, for advice and 
discussions. 
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Plasma membrane glycoproteins of cytotoxic T lymphocytes 
(CTLs) are involved in the binding to and subsequent destruction 
of appropriate target cells*""*. The elcctrophoretic profile of surface 
proteins of mature CTLs, particularly those of high relative 
molecular mass (MJ, is markedly different from that of naive 
peripheral T cells or noo-cytolytic T cells*"\ suggesting the poss- 
ible involvement of these molecules in the activation of CFLs 
and/or in the lytic process itself. By generating monoclonal anti- 
bodies tu cell-surface proteins of CTL clones, we have now detected 
CTL-specilic modifications in one of these high-M, membrane 
proteins, T200. Although forms of 1100 are found on a wide variety 
of cell types, the oeoantigenic determinants recognized by our 
antibodies are present exclusively on activated T cells and in high 
concentrations only on CTLs. furthermore, the expression of the 
modifications recognized by our antibodies is influenced by soluble 
factors and also seems to have functional significance, as moifo- 
clonal antibodies specific for these novel epitopes block cytolytic 
activity. 

Monoclonal antibodies with specificiiy for CTL surface rec- 
ognition struciures were produced by immunizing BALB.B mice 
repeatedly (iniraperitoneally) with a C57BL/6-derived CTL 
clone, B3.3, which is specific for a BALB minor hisiocompaiibil- 
iiy antigen in association with H-2K'*. Spleen cells of immune 
mice were fused to a myeloma partner, P3-X63 Ag8.653, and 
the resulting hybridoma supernaiants were screened for the 
ability to block specific target lysis by B3.3. Figure \a depicts 
the blocking activity of two of these monoclonal antibodies, 
CT! and CT2, on clone B3.3 in conditions of saturating antibody. 
CTI and CT2 (which are both IgM antibodies) efficiently block 
specific killing of BALB.B target cells by clone B3.3, CT2 being 
the more eliicieni of the two antibodies. In this regard, CT2 was 
as efficient as the anli-Lyt-2 monoclonal antibody^ 53.6.72. Anti- 
body 13/2.3, which is specific for the T200 molecule^ did not 
significantly affect specihc lysis by this CTL clone. 

To determine whether CTI and CT2 were able to block 
CTL-mediaied killing in conditions not requiring antigen- 
specilic recognition on the part of the CTLs, we tested their 
ability to inhibit leciiii-dependcnt cell-mediated cytotoxicity 
(LUCC). Both antibodies \^ere highly elficient as inhibitors of 
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Fig. I Inhibition by CT antibodies of cyiolysis mediated by cloned 
CTLs and MLC-dcrived CTLs. Serial diluiions of cllecior cells 
were incubated in 96-well round-boiiomcd niicroiiirc plaics for 
30min ai 4°C with saturating levels of CTI (O). C T2 (x), 13/2.3 
(A, ami-T200, kindly provided by Or Ian Trowbridge, Salk 
Insiiiute), 53.6.72 (fl. amirLyt-2), or medium I--necior cells 
were: a, b, CTL clone U3.3 (a C57BL/6 clone derived by limiling 
dilution and specific for a BALB minor hislocompaiibiliiy antigen 
in association with H-2K''); c, C57BL/6 spleen cells stimulaied 
for 5 days wiih irradiated DllA/2 spleen cells (5 x lo" cells of each 
per well in 24-wcII plates) in RPMI 1640 culture medium supple- 
mented with 5% fetal calf serum; J, MLC ccUb derived as in c but 
resiimulaied (5 x 10* rcspondcrs and 5 x 10" siimulaiors per well) 
every 7 days for 4 weeks in medium containing 5% rai Con A 
supcrnalani (RCS). *'Cr-labelled target celU (ixlu-*) were as 
follows: a, 3-day BALB.B Con A blasts; 6. I*SI5 H-S*^ masto- 
cytoma cells with the addition of 10 jig ml" ' PHA; »*, J. P815 ccljs. 
After ihe addition of target cells, the plates were cenirifuged for 
3 min at 800 r.p.m. lo iniiiaie cell contact and incubated ai 37 **p 
for 2 h. Per cent specific lysis was calculated as |UUx[(c.p.m. 
released with ejieciors)-(c.p.m. released alone )J/|(c.p.m. released 
by deicrgeni)-(c.p.m. released alone)]. Sjiontaneous release of 
P8I5 target cells was 5% and that of UALB-U Con A blasts 18%. 
No significant lysis was obser\'cd orC57BL/6 C*on A blasts (u), 
of PS'l 5 cells without the addition of PHA (6 J, or of i:L4 cells (c, d ). 

phyiohaemaggluiinin (PHA)-dependenl killing of P8I5 tumour 
cells by clone B3.3 (Fig. 1 b). CTI was comparable with anii-Lyt- 
2 in blocking LDCC, while the anti-T200 antibody did not inhibit 
lysis (Fig. Ifc). (Note thai CTI and CT2 do not bind to the 
target cells used in these assays; see below.) We also found that 
five out of five independently isolated CTL clones of various 
target specificities \vere blocked by both antibodies. Thus, it was 
apparent that CTI and CT2 were not clone-specific or anti- 
idioiypic in their reactivity. More surprising results were 
obtained when we examined their ellect on heterogenous popu- 
lations of CTLs generated in mixed lymphocyte culture (MLC). 
When the effects of these antibodies on the lytic ability of a 
primary MLC were tested (Fig. Ic), only inininial inhibition of 
specific lysis was observed using CTI, CT2 or the control anti- 
body 13/2.3 (anti-T200). while 53.6.72 (anii-Lyi-2) significantly 
inhibited lysis. However, quite surprisingly, in inhibition assays 
using as clFcciors CTLs from a long tcnn Ml.(\ (Tl and CT2 
produced a significant decrease in specific ly>t^ iLig- This 
MLC (and others similarly blocked by C 11 .iiul CT2) were 
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